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Abstract
Background: Non-participation in aetiologic studies of pubertal timing is frequent. 
However, little effort has been given to explore the risk and potential impact of selec-
tion bias in studies of pubertal timing.
Objective: We aimed to explore the risk of selection bias due to non-participation in 
a newly established puberty cohort.
Methods: We evaluated whether three maternal exposures chosen a priori (pre-
pregnancy obesity, smoking, and alcohol drinking during pregnancy) were associ-
ated with participation, whether pubertal timing was associated with participation, 
and whether selection bias influenced the associations between these exposures 
and pubertal timing. In total, 22 439 children from the Danish National Birth Cohort 
born 2000–2003 were invited to the Puberty Cohort and 15 819 (70%) participated. 
Exposures were self-reported during pregnancy. Pubertal timing was measured 
using a previously validated marker, “the height difference in standard deviations” 
(HD:SDS), which is the difference between pubertal height and adult height, both in 
standard deviations. For this study, pubertal height at around 13 years in sons and 
around 11 years in daughters was obtained from an external database, and adult 
height was predicted based on parental height reported by mothers.
Results: Participation was associated with most exposures but not with pubertal tim-
ing, measured by HD:SDS. The associations between exposures and HD:SDS were 
comparable for participants only and all invited for participation.
Conclusion: In conclusion, the risk of selection bias in aetiologic studies on pubertal 
timing in the Puberty Cohort appears minimal.
K E Y W O R D S
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1  | BACKGROUND
In aetiologic studies on pubertal timing, we have to collect sen-
sitive data on puberty. However, not all are willing to share this 
information, which may result in non-participation. Early puberty 
has been linked to increased risk of internalising and externalis-
ing symptoms in both boys and girls as well as increased risk of 
depressive disorders and eating disorders in girls, whereas late 
puberty has been linked to subclinical internalising and external-
ising symptoms although less consistent.1 Therefore, both earlier 
and later timing of puberty might be related to lower participa-
tion rates. If the exposures studied are also associated with par-
ticipation, this may result in selection bias.2 Despite this apparent 
threat, little effort has been given to explore the risk and poten-
tial impact of selection bias due to non-participation in aetiologic 
studies of pubertal timing.
In aetiologic cohort studies of pubertal timing, it may be possible 
to estimate the association between exposures collected at base-
line and participation in data collection on pubertal development. 
As information on pubertal timing is only available for participants, it 
is impossible to directly estimate the association between pubertal 
timing and participation, unless another marker of pubertal timing is 
obtained from other external resources for the entire cohort includ-
ing both participants and non-participants. The “height difference 
in standard deviations” (HD:SDS) may be such a marker of pubertal 
timing,3 because it can readily be obtained for the entire cohort if 
external registry information on height is available. HD:SDS is the 
difference between pubertal height, measured around the mean age 
at peak height velocity, in standard deviation scores (SDS) and adult 
height in SDS.3 A child with earlier puberty will, on average, have 
an earlier age at peak height velocity, leading to a higher pubertal 
height, and consequently a higher HD:SDS than a child with later 
puberty. HD:SDS correlates well with the pubertal markers, age at 
peak height velocity and onset of the growth spurt.3 Using HD:SDS 
as a measure of pubertal timing on both participants and non-par-
ticipants, it is possible to assess how participation is associated with 
the exposure under study as well as with pubertal timing.2 This may 
also provide bias parameters for bias analysis to adjust for selection 
bias.4,5
We aimed to explore the potential impact of selection bias due 
to non-participation in a newly established puberty cohort. First, we 
assessed whether maternal lifestyle factors during pregnancy and 
other baseline characteristics were associated with participation. 
Second, we assessed whether pubertal timing, measured by HD:SDS, 
was associated with participation. Third, we investigated the impact 
of potential selection bias on the associations between three ma-
ternal lifestyle exposures (pre-pregnancy body mass index [BMI], 
smoking, and alcohol drinking during pregnancy) chosen a priori and 
pubertal timing, measured by HD:SDS. This was done by comparing 
the associations estimated in the entire Puberty Cohort (participants 
and non-participants) with the association estimated among partici-
pants only. The directed acyclic graph in Figure S1 shows the poten-
tial mechanisms for selection bias in the present study.
2  | METHODS
2.1 | Cohort selection
This validation study is based on the Puberty Cohort, nested 
within the Danish National Birth Cohort (DNBC), and the Children’s 
Database.6 The DNBC has been described in detail elsewhere.7 
Briefly, about 50% of the general practitioners in Denmark agreed 
to recruit pregnant women in early gestation from 1996 through 
2002. In total, 101 042 pregnancies were included, corresponding to 
around 60% of invited pregnant women or around 30% of all preg-
nancies in Denmark during the study period. Women provided infor-
mation on their pregnancy and their children twice during pregnancy 
and 6 months, 18 months, 7 years, and 11 years post-partum.
Eligible children for the Puberty Cohort were liveborn single-
tons born from 2000 to 2003, whose mothers participated in the 
first interview during pregnancy and had not withdrawn from the 
DNBC by May 2012 (n = 56 641). To obtain large exposure con-
trasts, the Puberty Cohort was sampled independently according to 
12 different prenatal exposures hypothesised to be prenatal causes 
of pubertal timing such as pre-pregnancy obesity, maternal smok-
ing during pregnancy, and alcohol drinking during pregnancy.8 If a 
child was sampled more than once (ie from different exposure cat-
egories), the child was only included in the analyses once. Based on 
rules from probability theory and the sampling fractions, we were 
able to calculate exact sampling probabilities. The inverses of these 
sampling probabilities were used as sampling weights to reweight 
the data. The mathematical derivation of the sampling weights is 
described in detail previously.8 In total, 22 439 of 56 641 children 
were sampled to constitute the Puberty Cohort. These children 
were invited to provide information on their current pubertal devel-
opment as part of the 11-year follow-up in the DNBC and as part of 
Synopsis
Study question
Does non-participation in aetiologic cohort studies on pu-
bertal timing cause selection bias?
What's already known
Studies on pubertal timing are prone to non-participation be-
cause sensitive information needs to be collected. However, 
little effort has been given to explore the risk and potential 
impact of selection bias in studies of pubertal timing.
What this study adds
The findings from this study suggest that the risk of selec-
tion bias in aetiologic cohort studies on self-reported pu-
bertal timing is most likely minimal.
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half-yearly questionnaires on puberty from 11.5 until full maturity 
(defined as Tanner stage 5 for genital and pubic hair development 
for sons and Tanner stage 5 for breast and pubic hair development 
for daughters) or 18 years of age. The puberty information was pro-
vided through web-based questionnaires on pubertal markers such 
as Tanner stages (pubic hair and genital or breast development),9,10 
voice break, first ejaculation, and menarche. In total, 15 819 children 
(7696 sons and 8123 daughters) participated in the Puberty Cohort 
by returning at least one questionnaire on puberty (participation rate 
70%). We will refer to the participating children as participants, and 
we will refer to the remaining 6620 children of the Puberty Cohort 
as non-participants (Figure 1).
The Children’s Database systematically collects health-related 
data on children in Denmark from school nurses and general prac-
titioners. It was initiated in April 2009, and reporting has been 
mandatory since December 2011.6 Data were extracted from this 
database for all children in the Puberty Cohort in July 2017. In 
total, 20 408 (91%) of 22 439 children from the Puberty Cohort 
had at least one height measurement in the Children’s Database 
(Figure 1).
2.2 | Exposures and other baseline characteristics
Exposures of interest in this study were maternal pre-pregnancy BMI, 
smoking during pregnancy, and alcohol drinking during pregnancy. These 
lifestyle exposures reflect social and behavioural patterns that might affect 
the children’s participation in the Puberty Cohort. Information on these 
exposures was collected during the first interview in the DNBC around 
gestational week 17. Other baseline characteristics included maternal age 
at menarche also obtained from the first interview in the DNBC; included 
maternal age at delivery and parity, both obtained from the Danish Medical 
Birth Registry; and included highest social class of parents, based on the 
International Standard Class of Occupation and Education codes (ISCO-88 
and ISCED), obtained from Statistics Denmark. All baseline characteristics 
including the exposures were categorised as shown in Tables 1 and 2.
F I G U R E  1   Flow of participants and non-participants, the Puberty Cohort, Denmark, 2012-2018. Abbreviations: HD:SDS, height 
difference in standard deviations; PHV, peak height velocity; SDS, standard deviation score
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2.3 | Outcome: HD:SDS
Height in SDS describes how far away, in SDs scores, a person’s height is from 
that person’s expected height based on age and sex. HD:SDS is calculated as 
pubertal height in SDS minus adult height in SDS.3 The rationale is that the 
pubertal height reflects both pubertal timing and the genetic growth poten-
tial, whereas adult height reflects only the genetic growth potential. Adult 
height SDS is, therefore, subtracted from pubertal height SDS in an attempt 
to exclude the genetic contribution to pubertal height, and the resulting 
measure, HD:SDS, reflects pubertal timing.3 A higher HD:SDS is indicative 
of earlier pubertal timing and vice versa. Pubertal height should be meas-
ured around the mean age at peak height velocity at the population level.3 
Therefore, we chose the height measure from the Children’s Database clos-
est to 13 years in sons and 11 years in daughters (+/−2 years) (n = 17 276) 
based on recent Danish normal material.11 These height measures were con-
verted to pubertal height SDS.11 We excluded pubertal height SDS >4 or <−4 
(n = 12), resulting in 17 264 children with information on pubertal height SDS.
Adult height was not available because the children were not 
fully grown at the time of data collection. Thus, we predicted the 
children’s adult height from their parents’ height using a prediction 
model derived from Swedish data12 and then converted adult height 
to SDS.11 We excluded children with no measure of maternal or pa-
ternal height (n = 498). We were able to create HD:SDS for 16 766 
children (75%) (Figure 1). This modified HD:SDS relied on predicted 
adult height SDS and has previously been validated against the age at 
attaining the pubertal milestones collected in the Puberty Cohort.13
2.4 | Statistical methods
To assess whether baseline characteristics were associated with 
participation in the Puberty Cohort, we estimated unadjusted and 
baseline characteristics-adjusted participation rate ratios with 95% 
confidence intervals (CIs) using log-binomial regression.
To assess the association between pubertal timing and participa-
tion in the Puberty Cohort (yes/no), we estimated baseline charac-
teristics-adjusted participation rate as a function of HD:SDS using a 
restricted cubic spline with 7 knots at HD:SDS of −3, −2, −1, 0, 1, 2, 
and 3 using logistic regression. Further, we estimated the mean ad-
justed differences in HD:SDS between the participants and non-par-
ticipants using linear regression.
Then, we assessed the impact of potential selection bias on associa-
tions between the three exposures of interest and pubertal timing by com-
paring the estimates for the entire Puberty Cohort with the estimates for 
the participants only. Linear regression was used to estimate difference in 
HD:SDS as a function of the exposures. The exposures were first included 
as indicator variables and then as linear terms (pre-pregnancy BMI in kg/
m2, maternal smoking in first trimester as a grouped ordered variable (non-
smoker, stopped smoking, 1–9 daily cigarettes, 10–14 daily cigarettes, 15+ 
daily cigarettes), and alcohol drinking in first trimester in weekly units). All 
analyses were adjusted for maternal age at menarche, highest social status 
of parents, parity, maternal age at delivery, and the other exposures. These 
potential confounding factors were chosen based on the directed acyclic 
graph shown in Figure S2. Then, we obtained the difference in the esti-
mates for the participants and for the Puberty Cohort as a way to quantify 
the potential selection bias. The 95% CI were computed using a stratified 
non-parametric bootstrap approach: (a) we drew a bootstrap sample from 
participants (n = 15 819) and another bootstrap sample from non-partic-
ipants (n = 6620). (b) We then ran the aetiologic analyses for the entire 
Puberty Cohort using both bootstrap samples and then for participants 
only using the bootstrap sample for participants only using fixed sampling 
weights derived previously.8 (c) We then saved the difference between 
the estimates for the two populations. Then, we repeated step 1–3 in 
10 000 replications to obtain the 95% CI.
Sampling weights reflect the inverse probability of being sam-
pled and were included in all analysis to account for the sampling 
strategy in the Puberty Cohort.8 Robust SEs were applied to account 
for clustering of siblings (166 male-male and 136 female-female sib-
lings) and the use of sampling weights. All analyses were performed 
in stata 15.1 MP software (StataCorp).
2.5 | Missing data
A maximum of 1.5% of the data were missing for exposures and 
other baseline characteristics. Therefore, complete case analyses 
were employed.
2.6 | Sensitivity analysis
In a sensitivity analysis, we estimated unadjusted and baseline 
characteristics-adjusted prevalence ratios of having information on 
HD:SDS (yes/no) according to the baseline characteristics using log-
binomial regression to assess whether having missing information on 
HD:SDS was independent of other variables.
2.7 | Ethics approval
The Committee for Biomedical Research Ethics in Denmark ap-
proved the collection of data in the DNBC ((KF)01-471/94). A 
written informed consent was obtained from the mother upon re-
cruitment including permission to follow-up until the child turned 
18 years of age. The present study was approved by The Danish 
Data Protection Agency (2012-41-0379 and 2015-57-0002) and the 
Steering Committee of the DNBC (2012-04 and 2015-47).
3  | RESULTS
3.1 | Associations between exposures and 
participation
Mothers of sons that agreed to participate in the Puberty Cohort 
were more often normal weight, non-smokers, of higher social 
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status, and older at delivery than mothers of non-participating sons 
(Table 1). Similar patterns were observed for mothers of the daugh-
ters (Table 2).
3.2 | Association between pubertal timing and 
participation
The adjusted participation rates as spline functions of HD:SDS were 
relatively flat between −2 and 2, which includes approximately 95% of 
the observations, and they were not statistically significantly different 
from the null (Figure 2). Similarly, the adjusted difference in HD:SDS be-
tween participants and non-participants was comparable in both sons 
(0.02 [95% CI: −0.04, 0.07]) and daughters (0.02 [95% CI: −0.04, 0.07]).
3.3 | Risk of selection bias for associations between 
exposures and pubertal timing
Figures 3 and 4 and Tables S1 and S2 show adjusted measures of 
associations between exposures and HD:SDS among the entire 
Puberty Cohort (including both participants and non-participants) 
TA B L E  1   Participation rate according to baseline characteristics in 11 445 sons, the Puberty Cohort, Denmark, 2012-2018
Baseline characteristics
Non-participants 
(n = 3749)
Participants 
(n = 7696)
Unadjusted participation rate 
ratio
Adjusted participation 
rate ratioa 
N (%) N (%) uPRR (95% CI) aPRR (95% CI)
Pre-pregnancy BMI (kg/m2)
<18.5 255 (33.2) 513 (66.8) 0.95 (0.90, 1.00) 1.00 (0.94, 1.05)
18.5-24.9 2076 (30.4) 4750 (69.6) 1.00 (Reference) 1.00 (Reference)
25-29.9 830 (34.5) 1574 (65.5) 0.94 (0.91, 0.97) 0.97 (0.93, 1.00)
30+ 519 (40.6) 758 (59.4) 0.84 (0.80, 0.88) 0.88 (0.83, 0.92)
Smoking in pregnancy
Non-smoker 2306 (29.3) 5556 (70.7) 1.00 (Reference) 1.00 (Reference)
Stopped smoking 359 (32.9) 731 (67.1) 0.94 (0.90, 0.99) 0.96 (0.91, 1.01)
1-9 daily cigarettes 495 (40.1) 738 (59.9) 0.83 (0.79, 0.88) 0.87 (0.82, 0.91)
10-14 daily cigarettes 305 (44.5) 380 (55.5) 0.78 (0.72, 0.84) 0.83 (0.77, 0.89)
15+ daily cigarettes 278 (49.2) 287 (50.8) 0.71 (0.65, 0.77) 0.79 (0.73, 0.86)
Alcohol in pregnancy
Abstainers 2164 (35.4) 3947 (64.6) 1.00 (Reference) 1.00 (Reference)
<1 unit weekly 1022 (29.8) 2402 (70.2) 1.06 (1.03, 1.10) 1.03 (1.00, 1.06)
1-3 units weekly 381 (29.1) 927 (70.9) 1.06 (1.02, 1.11) 1.04 (1.00, 1.09)
>3 units weekly 180 (30.2) 416 (69.8) 1.03 (0.97, 1.10) 1.03 (0.97, 1.10)
Highest social class of parents
High-grade professional 649 (26.1) 1834 (73.9) 1.00 (Reference) 1.00 (Reference)
Low-grade professional 950 (27.5) 2505 (72.5) 0.97 (0.94, 1.00) 0.98 (0.95, 1.02)
Skilled worker 1215 (36.5) 2117 (63.5) 0.86 (0.83, 0.90) 0.90 (0.87, 0.94)
Unskilled worker 768 (42.7) 1032 (57.3) 0.79 (0.75, 0.83) 0.86 (0.81, 0.91)
Student 95 (39.3) 147 (60.7) 0.82 (0.72, 0.92) 0.84 (0.74, 0.96)
Economically inactive 57 (58.8) 40 (41.2) 0.50 (0.37, 0.68) 0.56 (0.41, 0.77)
Maternal age at delivery (y)
<20 51 (58.0) 37 (42.0) 0.67 (0.51, 0.88) 0.75 (0.57, 1.00)
20-29.9 1911 (34.9) 3564 (65.1) 1.00 (Reference) 1.00 (Reference)
30-39.9 1711 (30.2) 3947 (69.8) 1.06 (1.03, 1.09) 1.03 (1.00, 1.07)
40+ 70 (32.7) 144 (67.3) 0.99 (0.88, 1.11) 0.99 (0.88, 1.12)
Parity
First child 1729 (30.6) 3918 (69.4) 1.00 (Reference) 1.00 (Reference)
Second child or more 2020 (34.8) 3778 (65.2) 0.95 (0.92, 0.97) 0.95 (0.92, 0.98)
Maternal age at menarche
Earlier than peers 1016 (34.5) 1927 (65.5) 0.99 (0.96, 1.02) 1.00 (0.97, 1.04)
Same time as peers 2141 (32.8) 4390 (67.2) 1.00 (Reference) 1.00 (Reference)
Later than peers 565 (30.0) 1316 (70.0) 1.03 (0.99, 1.07) 1.01 (0.98, 1.05)
Abbreviations: aPRR, adjusted participation rate ratio; BMI, body mass index; CI, confidence interval; uPRR, unadjusted participation rate ratio.
aAdjusted for all other variables in this table. 
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and participants only. In both sons and daughters, most associations 
in the entire Puberty Cohort were comparable to those obtained 
among participants only. Statistically significant differences in esti-
mates were only observed for maternal light smoking (1-9 daily ciga-
rettes) in sons, but no consistent patterns were seen across exposure 
categories. In daughters, we observed a tendency towards different 
estimates for maternal heavy smoking (15+ daily cigarettes), but 
when smoking was modelled as a linear term, no difference between 
the entire Puberty Cohort and the participants were observed.
3.4 | Associations between exposures and having 
information on HD:SDS
In a sensitivity analysis, we assessed the prevalence ratios of having 
information on HD:SDS according to baseline characteristics (Tables 
S3 and S4). Most baseline characteristics were not or only weakly 
associated with having information on HD:SDS; the exceptions were 
heavy smoking in pregnancy, highest social class of parents, and ma-
ternal age at delivery.
TA B L E  2   Participation rate according to baseline characteristics in 10 991 daughters, the Puberty Cohort, Denmark, 2012-2018
Baseline characteristics
Non-participants 
(n = 2868)
Participants 
(n = 8123)
Unadjusted participation 
rate ratio
Adjusted participation 
rate ratioa 
N (%) N (%) uPRR (95% CI) aPRR (95% CI)
Pre-pregnancy BMI (kg/m2)
<18.5 220 (28.8) 543 (71.2) 0.93 (0.88, 0.97) 0.97 (0.92, 1.01)
18.5-24.9 1564 (24.2) 4906 (75.8) 1.00 (Reference) 1.00 (Reference)
25-29.9 620 (26.4) 1731 (73.6) 0.96 (0.93, 0.99) 0.97 (0.94, 1.00)
30+ 415 (33.4) 827 (66.6) 0.86 (0.82, 0.90) 0.88 (0.84, 0.92)
Smoking in pregnancy
Non-smoker 1738 (23.2) 5766 (76.8) 1.00 (Reference) 1.00 (Reference)
Stopped smoking 255 (24.5) 785 (75.5) 0.98 (0.93, 1.02) 0.99 (0.94, 1.03)
1-9 daily cigarettes 363 (30.8) 816 (69.2) 0.92 (0.88, 0.96) 0.93 (0.89, 0.97)
10-14 daily cigarettes 253 (37.3) 426 (62.7) 0.80 (0.75, 0.86) 0.83 (0.77, 0.89)
15+ daily cigarettes 255 (44.0) 324 (56.0) 0.72 (0.66, 0.77) 0.75 (0.69, 0.81)
Alcohol in pregnancy
Abstainers 1663 (28.0) 4273 (72.0) 1.00 (Reference) 1.00 (Reference)
<1 units weekly 795 (24.2) 2494 (75.8) 1.04 (1.01, 1.07) 1.00 (0.98, 1.03)
1-3 units weekly 283 (22.6) 969 (77.4) 1.09 (1.05, 1.12) 1.04 (1.01, 1.08)
>3 units weekly 125 (24.5) 386 (75.5) 1.01 (0.95, 1.07) 1.00 (0.94, 1.07)
Highest social class of parents
High-grade professional 480 (20.6) 1854 (79.4) 1.00 (Reference) 1.00 (Reference)
Low-grade professional 732 (21.4) 2690 (78.6) 1.00 (0.97, 1.03) 1.01 (0.98, 1.05)
Skilled worker 932 (29.4) 2236 (70.6) 0.91 (0.87, 0.94) 0.94 (0.91, 0.98)
Unskilled worker 611 (35.4) 1117 (64.6) 0.83 (0.79, 0.87) 0.90 (0.86, 0.94)
Student 64 (27.9) 165 (72.1) 0.96 (0.89, 1.04) 1.02 (0.94, 1.10)
Economically inactive 40 (44.0) 51 (56.0) 0.80 (0.66, 0.96) 0.87 (0.72, 1.05)
Maternal age at delivery (y)
<20 49 (53.8) 42 (46.2) 0.62 (0.47, 0.82) 0.68 (0.52, 0.90)
20-29.9 1451 (27.8) 3774 (72.2) 1.00 (Reference) 1.00 (Reference)
30-39.9 1320 (24.1) 4150 (75.9) 1.05 (1.03, 1.08) 1.04 (1.01, 1.07)
40+ 41 (20.9) 155 (79.1) 1.13 (1.05, 1.21) 1.12 (1.04, 1.20)
Parity
First child 1335 (24.8) 4047 (75.2) 1.00 (Reference) 1.00 (Reference)
Second child or more 1533 (27.3) 4076 (72.7) 0.98 (0.96, 1.01) 0.98 (0.95, 1.01)
Maternal age at menarche
Earlier than peers 789 (27.5) 2084 (72.5) 0.99 (0.96, 1.02) 1.01 (0.98, 1.04)
Same time as peers 1583 (25.6) 4598 (74.4) 1.00 (Reference) 1.00 (Reference)
Later than peers 470 (25.4) 1381 (74.6) 1.00 (0.97, 1.04) 0.98 (0.95, 1.02)
Abbreviations: aPRR, adjusted participation rate ratio; BMI, body mass index; CI, confidence interval; uPRR, unadjusted participation rate ratio.
aAdjusted for all other variables in this table. 
     |  7BRIX et al.
3.5 | Comment
3.5.1 | Principal findings
In this validation study on the risk of selection bias due to non-
participation in a puberty cohort, we found that participation was 
associated with maternal exposures and other baseline character-
istics but not with pubertal timing, measured by HD:SDS. Hence, 
non-participation appears to result in only minimal risk of selection 
bias in aetiologic studies of pubertal timing conducted in this pu-
berty cohort. However, selection bias may still be present, if pu-
bertal timing is associated with participation within strata of the 
exposure.2 Therefore, we also investigated the impact of potential 
selection bias on three a priori defined associations. Overall, the re-
sults were compatible with no or only weak selection bias. For sons, 
non-participation appeared to bias the estimate for maternal smok-
ing of 1–9 daily cigarettes towards earlier puberty, measured by 
higher HD:SDS. However, no consistent pattern was seen across ma-
ternal smoking categories, and no association was observed when 
modelling maternal smoking as a linear term. These results indicate 
that the finding for maternal smoking of 1–9 daily cigarettes might 
represent a chance finding.
3.5.2 | Strengths of the study
The main strength of the present study is the availability of height 
measures in the Children’s Database, making it possible to compare 
associations obtained for participants only to those obtained for the 
entire Puberty Cohort (non-participants and participants). This sup-
ported a direct assessment of the risk of selection bias for specific 
exposure-outcome associations. Furthermore, we had a large sam-
ple with almost complete information on baseline characteristics.
3.5.3 | Limitations of the data
Missing information on HD:SDS (25%) could have biased the asso-
ciations if this missingness was related to both baseline characteris-
tics and pubertal timing. However, the missingness was not or only 
weakly associated with baseline characteristics, most likely resulting 
in minimal bias.
The validity of HD:SDS as a marker of pubertal timing has been 
supported by high correlations between HD:SDS and age at peak 
height velocity of 0.84 for boys and 0.78 for girls, and correlations 
between HD:SDS and age at onset of the growth spurt of 0.75 for 
boys and 0.71 for girls.3 Hence, HD:SDS is a measure of the acceler-
ated linear growth that occurs during puberty, and it appears to be 
a surrogate measure for age at peak height velocity. Our measure of 
HD:SDS was further limited by lack of data on adult height as the 
children were not fully grown yet, and we had to rely on predictions 
based on parental height, which may introduce additional measure-
ment error.12 Reassuringly, we have previously estimated correla-
tions between HD:SDS and age at attaining the pubertal milestones 
in the expected range between −0.20 and −0.53. These correlations 
are within the expected range because (a) they are comparable to 
correlations between age at peak height velocity and other puber-
tal markers (correlation coefficients with age at menarche is 0.48 
and with age at onset of breast development is 0.27),13 and (b) they 
are also comparable to the correlations between the other pubertal 
milestones in the Puberty Cohort (the correlation between age at 
first ejaculation and age at attaining the other pubertal milestones 
in boys ranged from 0.28 to 0.41, and the correlations between age 
at menarche and age at attaining the other pubertal milestones in 
girls ranged from 0.37 to 0.71).13 Lastly, another study has also found 
intercorrelations between HD:SDS, genital development, pubic hair, 
voice breaking, and axillary hair in 14-year-old boys to be similar.14 
In conclusion, this suggests that HD:SDS constitute a reasonable 
F I G U R E  2   Adjusted participation rates as spline functions of 
HD:SDS in 8969 sons (A) and 7797 daughters (B), the Puberty 
Cohort, Denmark, 2012-2018. Solid lines represent estimates, 
and dashed lines represent 95% confidence intervals. Adjusted 
participation rate for a reference person that was the first-born 
child whose mother was a non-smoker, alcohol abstainer, normal 
weight and high-grade professional during pregnancy, gave birth at 
25 years and had maternal age at menarche at the same time as her 
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measure of pubertal timing, although we cannot rule out that mea-
surement error on HD:SDS might have affected the results.
The lack of data on the children’s adult height might potentially 
give rise to the following potential bias. If the studied exposure af-
fects postnatal growth, the prediction algorithm may overestimate 
or underestimate final adult height among the exposed only. This 
may lead to measurement error of HD:SDS being differential with 
respect to the maternal exposure. However, the potential measure-
ment error may be similar for participants and the entire Puberty 
Cohort, and therefore, the bias might cancel out when studying the 
risk of selection bias.
3.5.4 | Interpretation
The finding of minimal risk of selection bias is supported by two other 
validation studies within the DNBC.15,16 The first study assessed 
selection bias due to non-participation at the 7-year follow-up and 
F I G U R E  4   Measures of associations 
between three maternal exposures and 
pubertal timing, measured by HD:SDS, in 
daughters in the Puberty Cohort and the 
participants only, Denmark, 2012-2018. 
Adjusted for maternal age at menarche, 
highest social class of parents, parity, 
maternal age at delivery and the two other 
exposures
Pre-pregnancy BMI
<18.5 kg/m2
18.5-24.9 kg/m2 (reference)
25.0-29.9 kg/m2
30.0+ kg/m2
Smoking in pregnancy
Non-smoker (reference)
Stopped smoking
1-9 daily cigarees
10-14 daily cigarees
15+ daily cigarees
Alcohol in pregnancy
Abstainers (reference)
<1 units weekly
1-3 units weekly
>3 units weekly
(a)
0−0.4 −0.2 0.40.2
Difference in HD:SDS for daughters
the Puberty Cohort
(parcipants and non-parcipants)
Pre-pregnancy BMI
<18.5 kg/m2
18.5-24.9 kg/m2 (reference)
25.0-29.9 kg/m2
30.0+ kg/m2
Smoking in pregnancy
Non-smoker (reference)
Stopped smoking
1-9 daily cigarees
10-14 daily cigarees
15+ daily cigarees
Alcohol in pregnancy
Abstainers (reference)
<1 units weekly
1-3 units weekly
>3 units weekly
(b)
0−0.4 −0.2 0.40.2
Difference in HD:SDS for daughters
parcipants only
F I G U R E  3   Measures of associations 
between three maternal exposures and 
pubertal timing, measured by HD:SDS, 
in sons in the Puberty Cohort and the 
participants only, Denmark, 2012-2018. 
Adjusted for maternal age at menarche, 
highest social class of parents, parity, 
maternal age at delivery and the two other 
exposures
Pre-pregnancy BMI
<18.5 kg/m2
18.5-24.9 kg/m2 (reference)
25.0-29.9 kg/m2
30.0+ kg/m2
Smoking in pregnancy
Non-smoker (reference)
Stopped smoking
1-9 daily cigarees
10-14 daily cigarees
15+ daily cigarees
Alcohol in pregnancy
Abstainers (reference)
<1 units weekly
1-3 units weekly
>3 units weekly
(a)
0−0.4 −0.2 0.40.2
Difference in HD:SDS for sons
the Puberty Cohort
(parcipants and non-parcipants)
Pre-pregnancy BMI
<18.5 kg/m2
18.5-24.9 kg/m2 (reference)
25.0-29.9 kg/m2
30.0+ kg/m2
Smoking in pregnancy
Non-smoker (reference)
Stopped smoking
1-9 daily cigarees
10-14 daily cigarees
15+ daily cigarees
Alcohol in pregnancy
Abstainers (reference)
<1 units weekly
1-3 units weekly
>3 units weekly
(b)
0−0.4 −0.2 0.40.2
Difference in HD:SDS for sons
parcipants only
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suggested negligible selection bias in five a priori defined exposure-
outcome associations, except for attention deficit hyperactivity dis-
order after prenatal exposure to maternal smoking.15 The second 
study assessed bias due to non-participation in a follow-up of moth-
ers from the DNBC 14 years after the index pregnancy and found 
that non-participation had no or relatively small impact on their a 
priori associations, including an association between maternal smok-
ing and ischaemic heart disease.16 Similar findings of minimal selec-
tion bias due to loss to follow-up on a priori defined associations 
have been reported in other cohorts.17-19
In this study, we have addressed potential selection bias due to 
non-participation of sons and daughters in a follow-up cohort on 
pubertal timing, but we have not addressed potential bias due to 
selection of the pregnant women into the DNBC. Around 60% of 
the pregnant women invited to the DNBC participated.7 However, 
whether the mother participated at baseline was probably unrelated 
to her unborn child’s future pubertal timing and need not introduce 
selection bias. This is supported by findings from Nohr et al.20 Using 
register-based information, they found that non-participation at base-
line in the DNBC did not bias three associations between prenatal ex-
posures and adverse pregnancy outcomes defined a priori.20 Similarly, 
no or only minor indication of selection bias was found for eight asso-
ciations in the Norwegian Mother and Child Cohort Study.21
In the Puberty Cohort, the children were invited to participate 
through an e-mail to the mothers with a hyperlink to the web-based 
puberty questionnaire, and the children took part in the final de-
cision to participate. As the children were largely unaware of the 
maternal factors, these factors may have had a smaller impact on the 
children’s decision to participate than if the decision to participate 
were made solely by the mothers. This might lead to reduced risk of 
selection bias in measures of association for maternal lifestyle and 
pregnancy-related factors.
Participation appeared to be stronger associated with parental 
social class for sons than daughters. This suggests that sons’ selec-
tion patterns may be more affected by social class than daughters’ 
selection patterns. Another explanation may be chance as the “stu-
dent” and “economically inactive” categories were small and the only 
categories where a sex difference was observed. We are not aware 
of any other reports on sex differences for the association between 
social class and participation.
Our results might apply to similar cohorts with longitudinal 
self-reported information on pubertal development by the children, 
although investigators should be aware of cultural and behavioural 
differences that may affect selection patterns. In contrast, our re-
sults might not apply to studies using clinical pubertal staging as 
such studies generally have much lower participation rates and 
might have different factors responsible for participation.
4  | CONCLUSIONS
In conclusion, most maternal exposures and baseline character-
istics were associated with participation in the Puberty Cohort as 
expected, but pubertal timing was not. This suggests that the non-
participation likely causes minimal selection bias in aetiologic studies 
on pubertal timing conducted in the Puberty Cohort. This was cor-
roborated by similar associations between three a priori defined ma-
ternal exposures and pubertal timing in the entire Puberty Cohort 
(participants and non-participants) and the participants, indicating 
no or negligible selection bias for the associations studied, although 
we cannot rule out that measurement error on HD:SDS may have 
affected the results. Our results are reassuring for future studies on 
prenatal risk factors for pubertal timing relying on cohorts with self-
assessed pubertal information.
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